Technological advances in reverse osmosis (RO) membranes during the past decade have significantly reduced the energy cost of water production via desalination. Seawater desalination, at present, provides approximately 1% of the world's drinking water supply, and this percentage is increasing by the year (52) . However, membrane fouling is one of the most important practical problems facing RO plant operators and membrane manufacturers. The phenomenon of the accumulation of marine organisms and their metabolic products (i.e., extracellular polysaccharides [EPS] , proteins, and lipids) on the membrane surface is known as biofouling (10, 15, 16) . Excessive membrane biofouling results in increased energy demand for salt separation and the deterioration of product water quality (1, 3, 17, 45) . Although research efforts have been devoted to prevent or alleviate biofouling by, for example, disinfection, chemical cleaning, and aeration (26, 50) , these treatments yield temporary results. Advancements in membrane materials and the optimization of operational conditions have contributed to biofouling prevention (25, 26, 48, 51) ; however, these changes cannot eliminate it. The accelerated growth of biofilm on RO membranes likely is due to the physiological response of the bacteria. Systematic and effective strategies for biofouling control have not been established.
Investigations of the microbial community that causes RO membrane fouling have not progressed much beyond studies focused on freshwater or wastewater RO treatment systems (5, 6, 30, 42) . Earlier studies on the cultivation and isolation of foulant organisms laid the critical foundation for our understanding of biofilm formation on the membrane surface (42, 43) , yet it was discovered recently that these results do not necessarily reflect the true composition of the microbial community of membrane biofilm, because a very small fraction of the bacterial community can be cultivated under laboratory conditions (46) . More recently, culture-independent methods have been used to examine the RO membrane biofilm in drinking water and wastewater treatment plants (5, 6, 40) . Bereschenko et al. (6) reported that biofilm formation was initiated and dominated by Sphingomonas spp. in a freshwater RO treatment facility. However, bacterial diversity and physiology in seawater are significantly different from freshwater and wastewater. The bacteria that cause biofilm formation on seawater RO (SWRO) membranes may be significantly different from those in freshwater RO systems.
In this study, we applied both culture-based and culture-independent methods to investigate the composition and variability of the bacterial community in SWRO desalination plants. This study is motivated by several questions. (i) What are the dominant bacteria that cause biofouling on the SWRO membrane?
(ii) Is there a common group of bacteria that causes SWRO membrane biofouling in different desalination facilities and in different seasons? (iii) How do bacterial communities in the SWRO system vary with geographical location and seasonal changes? (iv) Do organisms in source seawater vary with the season and location, and how does this variation influence biofouling organisms in the facility?
MATERIALS AND METHODS
Bacteria isolation. Bacteria were isolated from fouled cotton-woven cartridge filters (Cuno) and SWRO membranes (SWC4ϩ; Hydronautics Corp.) collected in January 2009 from the Carlsbad Desalination Pilot Plant in southern California (Table 1) . Briefly, 5 to 10 ml of PBS (phosphate-buffered saline; pH 8.0) was added to sections of cartridge filter and SWRO membrane and soaked overnight at 4°C. The next day, the samples were vortexed and scraped with a sterile plastic pipette. One hundred l of eluate was plated onto artificial seawater agar plates (ASWJP) supplemented with 1 mg/liter peptone and 0.5 mg/liter yeast extract as previously reported (41) . The plates were incubated at 25°C for 48 h, and an individual colony was picked and purified by three subsequent isolations. Strains designated B1, B2, B3, and B4 were isolated from the SWRO membrane surface. Strains B5 and B6 were isolated from a cartridge filter upstream of the SWRO feed.
Bacterial clone library. A bacterial clone library was constructed using bacterial eluate from a fouled SWRO membrane collected in January 2009 from the Carlsbad Desalination Pilot Plant (Table 1) . Briefly, total genomic DNA was extracted from the SWRO membrane bacterial community using boiling lysate (9) , which allows rapid total DNA extraction for PCR without introducing PCR inhibitors. Bacterium-specific primers 27F (5Ј-AGA GTT TGA TCM TGG CTC AGϪ3Ј) and 1492R (5Ј-GGT TAC CTT GTT ACG ACT T-3Ј) were used to amplify a 1,500-bp region of the 16S rRNA gene as described previously (33) . PCR product was purified using a Zymoclean gel DNA recovery kit (Zymo Research, CA). The purified PCR fragments then were ligated into a pGEM-T cloning vector and cloned into Escherichia coli JM109 according to the manufacturer's instructions (Promega). More than 90 colonies of ampicillin-resistant transformants were picked randomly and cultured overnight in LB broth containing 50 mg/liter ampicillin. Plasmids were isolated using a plasmid purification kit (Qiagen Inc.). The insert in the plasmid was checked by PCR using primers M13F and M13R (Promega). Restriction endonucleases MspI (CC/GG) and RsaI (GT/AC) (Promega) were used to digest plasmid extract from 67 clones with the correct-size inserts to determine the clone diversity. The resulting products were separated by gel electrophoresis in 2% agarose. Plasmids that produced the same RFLP (restriction fragment length polymorphism) were grouped together and considered members of the same operational taxonomic unit (OTU), and the number of clones in each OTU was used as an indicator of bacterial species abundance.
Sequencing and phylogenetic analysis. For bacterial isolates, PCR amplification of the 16S rRNA gene was performed on each individual strain using the primers and conditions described previously (33) . PCR amplicons were purified and used for direct sequencing. Each strain was sequenced three times using primer 27F, 533F, or 1492R each time for both directions (33) . Each OTU from the clone library was sequenced using the 27F primer. The DNA sequences were determined using a BigDye 3.1 sequencing kit by following the manufacturer's protocols (Applied Biosystems). The final reactions were submitted to Laragen (Los Angeles, CA) for a sequencing run using ABI prism 3100 capillary sequencing. Nucleotide sequences were submitted to the BLAST search engine at NCBI GenBank and identified through similarity values. The alignment, calculation of the distance matrices for the aligned sequences, and reconstruction of the phylogenetic tree were performed using MEGA software (32) .
T-RFLP analysis. Terminal restriction fragment length polymorphism (T-RFLP) was applied to analyze the bacterial community at different stages of Table 1 . Raw intake seawater samples from the Carlsbad Desalination Pilot Plant (five samples) and Long Beach Water Department (LBWD) Desalination Prototype Plant (eight samples) were collected from the intake pipe using triple-sample-rinsed carboys and were transported to the UC Irvine laboratory for immediate processing. In the laboratory, bacteria in the seawater were concentrated, extracted for total genomic DNA (see the supplemental material), and used for T-RFLP. Phytoplankton samples were collected from 100 liters intake seawater at both of the plants mentioned above using a 20-m-mesh-size plankton net (Wild Life Supply Company, Yulee, FL). Bacteria attached to the phytoplankton (called epibionts) were extracted for genomic DNA analysis. Fouled SWRO membranes from both of these plants and from the West Basin Desalination Pilot Plant in Los Angeles County and the Santa Cruz Desalination Pilot Plant in northern California were transported by car. Membrane autopsies were conducted either on site at the University of California, Irvine, or by a third party within 48 h of the SWRO element's removal from the treatment plants. An SWRO membrane sample from the Ashkelon Desaliantion Plant in Israel was shipped by international express service on dry ice (membrane section). Bacteria from the membrane surface were eluted using PBS and stored frozen until analysis. Fourteen cartridge filters installed upstream of the SWRO from desalination plants located on the east and west coasts of the United States, as well as from Australia and Israel (Table 1) , were transported on ice to UC Irvine and eluted with PBS to recover the total bacterial community. T-RFLP was conducted as originally described (36) . Briefly, the bacterial 16S rRNA gene was amplified using eubacterial universal primers 8F (5Ј-AGA GTT TGA TCC TTG GCT CAG-3Ј) and 1492R. The forward primer 8F was labeled at the 5Ј end with 6-carboxyfluorescein (6-FAM). Ten l of purified fluorescent PCR products was digested separately with 3 U of the enzymes RsaI and MspI (Promega) for 4 h at 37°C, followed by an inactivation step at 65°C for 10 min. The final reactions were submitted to Laragen (Los Angeles, CA) for a sequencing run using ABI Prism 3100 capillary sequencing. T-RFLP data analysis. T-RFLP profiles were analyzed using Peak Scanner software (Applied Biosystems, Foster City, CA) to determine the number, length, and relative abundance of each of the terminal restriction fragments (T-RFs) in a sample. The relative abundance of a T-RF in a T-RFLP profile was calculated by dividing the peak area of the T-RF by the total peak area of all T-RFs in the profile. The relative abundance of all peaks of less than 0.5% was not included in further analyses. Parameters were set to exclude peaks of less than 50 fluorescent units and those smaller than 50 bp or larger than 900 bp. T-RFs that differed by less than 1 bp were clustered. To evaluate structural diversity between samples, the Shannon diversity index (HЈ), richness (S), evenness (E) (4), and Simpson's index (D) (47) were calculated based on the T-RFLP profile. The richness of each sample (S) was calculated by summing all of the peaks in each sample profile. Shannon and Simpson indices were calculated by using the following equations:
, respectively, where p i is the relative intensity of each individual peak divided by the sum of the relative intensities of all fragments. Evenness (E) was calculated as E ϭ HЈ/HЈ max , where HЈ max is calculated from the Shannon index and HЈ max is the maximum value of HЈ, equal to
For principal component analysis (PCA), all T-RFLP data were processed and analyzed using the T-REX software available at http://trex.biohpc.org/ (11). Processed data were subjected to the additive main effects and multiplicative interaction model (AMMI) analysis with T-REX using a data matrix constructed based on the presence/absence of peaks.
T-RF identification. The identity of a peak from a T-RFLP fingerprint can be assigned by comparing its size to the restriction fragment size of a known bacterium. Bacterial clones from the RO membrane clone library were examined by in silico digestion with MspI and RsaI (49) and compared to the corresponding community fingerprint pattern. A specific clone was considered present in the sample only when both T-RFs generated by the two restriction enzymes also were present in the T-RFLP of the environmental sample (35) . Some of these clone sequences were not complete for the region of the 8F forward primer, and the size of the T-RF for these sequences was estimated by filling in the gap with a sequence from a close relative as previously described (20) .
Nucleotide sequence accession numbers. The GenBank accession numbers for the sequences determined in the course of this work are FJ652053 to FJ652057, FJ939331 to FJ939334, FJ939336, FJ939338, FJ939339, FJ939343, FJ939344,  FJ939346, FJ939348, FJ939349, FJ939351, FJ939358 , GU254286, GU299342, and GU254287 to GU254291.
RESULTS
Identification of biofilm community on SWRO membrane by 16S rRNA gene-based clone library and isolation. RFLP analysis of 67 clones retrieved from the Carlsbad SWRO membrane biofilm clone library assigned the clones to 20 OTUs. 16S rRNA gene sequences from 20 clones representing each of 20 OTUs and six bacterial isolates were aligned with reference strains and are presented in the phylogenetic tree shown in Fig.  1 . These 20 OTUs and six isolates fell into six large phylogenetic groups. The proteobacteria phylum dominated the clone library, in which the alphaproteobacteria class was the largest group (61.2%), including the genera Ruegeria and Donghicola and the family Sphingomonadaceae. The majority of the alphaproteobacteria were affiliated with the genus Ruegeria, represented by OTU4 and OTU5 and accounting for 32.8% of the clones. The gammaproteobacteria subdivision (class) contained the largest OTU (OTU1, accounting for 28.4% of total clones) and was identified as filamentous Leucothrix mucor. The rest of the OTUs contained one to two clones, which were closely related to the classes Sphingobacteria, Flavobacteria, Planctomycetacia, and Chloroflexi.
The 16S rRNA gene sequence of the bacterial isolates identified them as well-known biofilm-forming bacteria. B2 and B3 were nearly identical to genus Alteromonas, while B1 and B4 were closely related and were highly similar to genus Shewanella. B6 was close to Vibrio. These five isolates belonged to the gammaproteobacteria phylotype. B5 was distantly related to the other isolates that matched closely with the genus of Cellulophaga, which belonged to the Flavobacteria group.
Comparison of bacterial community at different stages of SWRO system using T-RFLP fingerprinting. To identify the source of biofouling bacteria on the SWRO membrane, the community fingerprints of samples collected in January from four different stages of treatment (intake, phytoplankton epibionts, cartridge filtration, and SWRO) at the Carlsbad pilot facility were investigated (Fig. 2) . The results of T-RFLP fingerprinting analysis indicated high bacterial community diversity in the raw seawater intake sample. At least 22 different T-RFs were observed by MspI digestion, with 14 of them representing less than 5% relative abundance among the total community. Bacteria associated with the plankton sample (epibiotic bacteria) showed 12 T-RFs by MspI digestion that were significantly different from the free-living bacteria in the seawater. The dominant bacteria at the bp 438 position among the free-living bacteria community was suppressed among the epibiotic bacteria, but two dominant bacteria at bp 84 and 490 were detected.
T-RFLP profiles of the cartridge filter and SWRO membrane were, however, defined by a small number of dominant T-RFs. The dominant T-RFs on the SWRO membrane matched mostly with peaks in the raw seawater, indicating that the biofouling bacteria on SWRO were common microbes in source seawater (Fig. 2) . However, a 151-bp T-RF on the SWRO was observed only in the plankton sample. The cartridge filter had the lowest bacterial diversity, but the relative abundance of one T-RF (86 bp) was the highest (70%) among all samples. The dominant T-RFs on the SWRO membrane either were a minor component or were absent from the cartridge filter, suggesting that microbes colonizing the cartridge filter were not major con-tributors to SWRO fouling bacteria. T-RFLP profiles by RsaI digestion supported the general diversity profile by MspI for bacterial communities in different stages of the desalination system (data not shown).
In silico digestion of 16S rRNA gene sequences of SWRO clones and isolates showed that, on the basis of MspI digestion, the most dominant peak on SWRO and intake seawater (T-RF of 438 bp) was assigned to the alphaproteobacteria class, Rhodobacteraceae family, including Roseobacter, Ruegeria, and Rhodobacter genera. The 490-bp T-RF (421 bp by RsaI) that was prevalent in the epibiotic community but absent from SWRO membranes belongs to Winogradskyella species and an uncultured Flavobacteria bacterium. The 151-bp T-RF found on SWRO membranes and plankton samples is related to the genera Novosphingomonas and Alteromonas. The most dominant SWRO biofilm clone of Leucothrix mucor yielded a 90-bp fragment by in silico MspI digestion of 16S rRNA gene sequence, which represented only a minor peak on raw seawater and SWRO membranes.
Comparison of bacterial community on SWRO membranes from different desalination plants. To compare biofouling bacteria on different SWRO membranes, the community finger- (Fig. 3) . The results of T-RFLP fingerprinting showed that the T-RFs from all SWRO membranes had a bimodal distribution, and most T-RFs were between 100 to 200 bp and 400 to 500 bp. Although the T-RF profiles were not identical on these membranes, the T-RF of 438 bp was identified consistently on all SWRO membranes.
Comparison of bacterial community on the cartridge filters. Bacterial communities on 14 cartridge filters collected from nine desalination plants in the United States, Israel, and Australia were compared by T-RFLP analysis. Principal component analysis (PCA) was used to determine the grouping of bacterial communities from different cartridge filters (Fig. 4) . Cartridge filters from southern California (SCA2 to SCA6) were clustered in quadrant III, with the exception of SCA1. Three samples from northern California (NCA1 to NCA3) were significantly different, although NCA2 and NCA3 were from the same desalination plant. Cartridge filters from Florida and Israel were separated from the others. Three filters from Australia also showed a large difference in bacterial community profiles. One northern California sample (NCA2) and one Australia sample (AUS1) were highly similar to each other. AUS3 was distantly related to several others on the PCA scale.
Diversity indices. T-RFs obtained by the enzymatic digestion of MspI and RsaI allowed us to track bacterial community diversity and dynamics in all samples. Four indices were calculated for intake seawater and plankton samples ( Table 2) . Analyses of raw intake seawater showed that there was no marked difference in the diversity index and richness of the bacterial population retrieved from LBWD and Carlsbad coastal environments. The diversity index also revealed similar pattern among five samples of planktonic epibionts. However, the richness was significantly higher (P ϭ 0.041 by t test) in the raw seawater than in epibionts associated with plankton samples based on MspI digestion (Table 2) .
Temporal and spatial variability of bacterial community in the intake seawater samples. The temporal and spatial variations of bacterial community in the intake seawater collected from Carlsbad and LBWD were investigated to understand if specific groups of bacteria were present at a given site and sampling time. PCA plots showed the clustering of samples based on the temporal and spatial metrics of sample collection (Fig. 5) . Seawater samples taken in the spring (March to May) from Carlsbad (C1 to C5) clustered in quadrant I, while samples taken in the summer to fall (July to October) from LBWD (L1 to L8) grouped in quadrants III and IV. However, within each sampling period, no temporal trends were observed. Epibionts associated with plankton samples collected from both desalination plants (PTC1 to PTC3, PTL1, and PTL2) were clustered in quadrant II. There is no significant difference in spatial distance and temporal variability for epibionts associated with plankton samples.
DISCUSSION
Biofouling is often considered the Achilles heel of seawater desalination (16) . At present, little is known of the bacteria in seawater that cause biofouling. The Pseudomonas species that is commonly used as a model organism for membrane fouling studies (22) (23) (24) is neither the initiator nor the dominant bacteria in the RO membrane biofilm according to the recent studies of total bacterial community of the RO biofilm (6, 39) . In fact, most of the model organisms are easily cultivable bacteria, which do not reflect the natural microbial community on January 20, 2013 by guest http://aem.asm.org/ in water for treatment, because more than 99% of those bacteria are not cultivable on nutrient-rich artificial medium (14, 31) . Although our work started from the isolation of marine organisms, we quickly abandoned that approach because the isolates were not good representations of dominant biofilm bacteria on SWRO membranes according to the clone library. Isolation using nutrient-rich medium (i.e., peptone) seems to favor gammaproteobacteria, as shown in this study and by another group using a culture-based approach (29) , while the culture-independent clone library suggests that alphaproteobacteria that are favored in the oligotrophic marine environment are dominant components on the SWRO membrane and intake seawater (34) . The discovery of Leucothrix mucor as the dominant bacterium in the SWRO membrane biofilm is interesting. Although filamentous bacteria have been observed on fouled membranes by electron microscopy (29) , Leucothrix mucor has not been reported due to the limited number of studies of seawater desalination systems. This bacterium is a widespread epiphyte of seaweeds, fish eggs, and benthic crustaceans (27, 28) . It is easily recognized by light microscopy but not easily isolated on artificial medium (7, 28) . Biofouling caused by filamentous Leucothrix mucor has been investigated for its impact on zooplankton activities and lobster eggs (38, 44) . It is capable of chemoorganoheterotrophic growth as well as of chemolithoheterotrophic growth in the presence of reduced sulfur compounds (21) . To date, there has not been any investigation of their contribution to SWRO membrane fouling. Our attempt to reveal its contribution to SWRO membrane fouling through the T-RFLP analysis of microbial profiles was unsuccessful because of the restriction enzyme digestion bias and the limited resolution of T-RF recognition (13) . We hope to investigate its contribution to SWRO fouling using fluorescence in situ hybridization in the next phase.
The second dominant bacterium in the SWRO membrane biofilm clone library was Ruegeria species. Ruegeria belongs to the family Rhodobacteraceae, which is a widely distributed bacterium in marine environments (8) . However, the role of Ruegeria species in biofilm formation is not well understood due to its fastidious nature. The dominance of the family Rhodobacteraceae in source seawater and on all fouled SWRO membranes also was confirmed by the T-RF of 438 bp by MspI digestion in T-RFLP profiles.
Despite the limitations of the T-RFLP technique, it is increasingly utilized to provide a rapid comparison of microbial communities under different conditions (2, 12, 37) . The comparative analysis in this study showed that bacterial communities on fouled SWRO were different from those on cartridge filters located upstream of the SWRO, which alleviates the concern that the cartridge filter acted as an incubator to produce additional SWRO-fouling bacteria. The biofouling bacterial communities on SWRO membranes best resembled source seawater microbes, yet some were suppressed while others were amplified. It is not surprising to observe such resemblance, yet it is interesting that all five fouled SWRO membranes from different parts of the world, operated under different conditions (data not shown) and collected at different times of the year, had some common bacterial groups. These so-called metropolitan biofouling bacteria likely are adaptive to attachment on SWRO membrane surfaces and to grow under oligotrophic or chemolithoheterotrophic conditions.
A comparison of bacterial communities on cartridge filters showed temporal and spatial variability based on the site and season of sample collection. In general, bacterial diversity on cartridge filters was determined by source seawater microbes, pretreatments, properties of the filter, or the interactions of these factors. Samples collected from the same site around the same time were more similar than those sampled elsewhere (45) . Temporal and spatial diversity of bacterial communities in seawater are fairly well studied (18, 19, 39) . Nelson et al. (39) found that seasonal change has greater impact on bacterial community structure in coastal water than geographical location. The distinct bacterial communities of two southern California desalination facilities located 70 miles apart along the Pacific coastline is due not only to the geographical location but also to the seasonal change. However, temporal trends were not observed within each site, which could be due to the short sampling period. Five samples from Carlsbad were taken within 2 months in spring, and eight samples from LBWD were taken in 4 months in summer.
We are interested in the phytoplankton epibionts because of the observation of accelerated biofouling events during coastal algal blooms (N. Voutchkov, unpublished results). This study did not identify a clear association between epibionts and SWRO fouling bacteria due to limited sampling time and the nonblooming conditions. However, we observed that all five plankton samples from two sites at different sampling times shared similar bacterial compositions, suggesting that changes of neither season nor location had a major impact for epibiotic bacteria. A mutualistic relationship between plankton and epibionts may be the determining factor for such observations.
In conclusion, this study provides a systematic investigation of biofouling bacterial communities at both a temporal and spatial scale. We have identified a cosmopolitan group of bacteria on fouled SWRO membranes and a filamentous bacterium that dominates the clone library. We hope to collect additional SWRO membrane samples to further investigate the nature of cosmopolitan biofouling bacterial groups and the role of filamentous bacteria in the initiation of a biofilm network.
